Diode lasers are gaining importance, making their way to higher output powers along with improved BPP. The assembly of micro-optics for diode laser systems goes along with the highest requirements regarding assembly precision. Assembly costs for micro-optics are driven by the requirements regarding alignment in a submicron and the corresponding challenges induced by adhesive bonding. For micro-optic assembly tasks a major challenge in adhesive bonding at highest precision level is the fact, that the bonding process is irreversible. Accordingly, the first bonding attempt needs to be successful. Today's UV-curing adhesives inherit shrinkage effects crucial for submicron tolerances of e.g. FACs. The impact of the shrinkage effects can be tackled by a suitable bonding area design, such as minimal adhesive gaps and an adapted shrinkage offset value for the specific assembly parameters. Compensating shrinkage effects is difficult, as the shrinkage of UV-curing adhesives is not constant between two different lots and varies even over the storage period even under ideal circumstances as first test results indicate. An up-to-date characterization of the adhesive appears necessary for maximum precision in optics assembly to reach highest output yields, minimal tolerances and ideal beamshaping results. Therefore, a measurement setup to precisely determine the up-to-date level of shrinkage has been setup. The goal is to provide necessary information on current shrinkage to the operator or assembly cell to adjust the compensation offset on a daily basis. Impacts of this information are expected to be an improved beam shaping result and a first-time-right production.
INTRODUCTION
Diode lasers are gaining more and more importance, making their way to ever higher output powers along with improved BPP. Novel applications, such as cutting directly with fiber coupled diode lasers of thicker sheets of a growing number of materials are gaining more importance in industrial applications. Looking ahead, the relevance of diode lasers with their high electrical to optical conversion efficiency will increase significantly in the years to come. Still, especially economic challenges of laser related products prevent the breakthrough in numerous applications. The assembly of micro-optics for diode laser systems goes along with the highest requirements regarding assembly precision compared to other packaging. Assembly costs for micro-optics are driven mainly by the requirements regarding alignment which are in a submicron range in mostly several spatial and angular directions and the corresponding challenges induced by adhesive bonding. Extensive research efforts are being made in matters of novel bonding methods for laser optics, whilst the challenges of the state-of the art UV-curing adhesive bonding still provide opportunities for improvement as identified in several recent public research projects and contributions ( [1] , [2] , [3] , [4] , [5] , [6] ).
In the field of micro-optics the major and most appreciated advantages of UV-curing adhesive bonding are its low temperature, the automation friendliness, and the reasonable costs for automation solutions. However, topics like heat resistance, durability and outgassing need to be considered during process development. Yet, especially challenging in micro-optics assembly are the interdependencies between alignment and adhesive bonding. The alignment with state of the art micromanipulators is basically limited by the measurement equipment for the active alignment process. However, shrinkage effects during curing of the UV-curing adhesives are crucial for the submicron tolerances of for instance fast-axis collimators (FACs). For such assembly tasks a major challenge in adhesive bonding at highest precision level is the fact, that the bonding process is irreversible. Accordingly, the first bonding attempt needs to be successful as especially for automated solutions dissolving the link between two components is not possible.
The impact of the shrinkage effects can be tackled both by a suitable design of the bonding area, such as minimal spatial extension of the adhesive gap and an adapted shrinkage offset value for the specific assembly task of each optical component. Yet, compensating shrinkage effects is difficult, as the shrinkage of UV-curing adhesives is not necessarily constant between two different lots due to fluctuations in raw materials and varies even over the storage period even under ideal circumstances as first test results indicate. An up-to-date characterization of the adhesive appears to be necessary for maximum precision in optics assembly to reach highest output yields, minimal tolerances and ideal beam-shaping results. The overall goal is to provide the necessary information on the current shrinkage behavior to the operator or assembly cell to enable the adjustment of the compensation offset data on a daily basis. Impacts of these information are expected to be on the one hand an improved beam shaping result, on the other hand a first-time-right production.
MODEL OF THE BONDING AREA FOR SHRINKAGE QUANTIFICATION
The work presented in this paper aims for a reduced impact of shrinkage effects of UV-curing adhesives and a resulting increase in precision in automated assembly cells. Key approach is the up-to-date characterization of the shrinkage level which will be major topic of this paper. Important premise it a highly precise volumetric dispensing of the adhesive. These two key factors potentially allow for reproducible adhesive precision bonding with precise shrinkage compensation in automated assembly cell as well as manual assemblies.
First step in the approach for increased precision in adhesive bonding is to model the bonding system and identify and separate the origins for the misalignments in order to reliably compensate the shrinkage effects. The chosen model of the bonding area presumes that the misalignment is caused by two effects: A spatial and an angular offset. Figure 1 shows the model of the bonding area.
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In order to verify the measurement setup experiments with a wedge angle of 0° (parallel surfaces) were performed. The expected result of no shrink induced tilts (angle β) for 50 and 100µm adhesive gap was determined with a statistical uncertainty of 3σ to be within 90,25% between -0,226 and 0,233 mrad for 50µm gap and between -0,147 and 0,110 mrad for 100µm adhesive gap. An overview of the results is given in Tab. 2. Overall the precision of the measuring setup can be declared to be below 1 mrad.
Experimental parameters 95% confidence interval for mean value µ 95% confidence interval for mean value µ 50 µm adhesive gap, angle α -0,028 mrad < μ < 0,035 mrad 0,025 mrad < σ < 0,066 mrad 50 µm adhesive gap, angle β -0,036 mrad < μ < 0,001 mrad 0,013 mrad < σ < 0,037 mrad 100 µm adhesive gap, angle α -0,042 mrad < μ < 0,034 mrad 0,030 mrad < σ < 0,083 mrad 100 µm adhesive gap, angle β -0,062 mrad < μ < 0,021 mrad 0,034 mrad < σ < 0,091 mrad Table 2 : Principle measurement setup for shrinkage quantification With this sub-mrad measurement setup experiment 3 and 4 (Tab. 1) were performed. Representative results for a measurement of one exemplary distribution sample adhesive are shown in Figure 5 . The initial wedge angle is this specific case was 8,73mrad (-0,5°). The mean tilt resulting from curing in the designated shrink direction (Tilt β) was at 0,287 mrad. The corresponding mean shrinkage in this experiment was 3,21%.
With this measurement setup experiments with the same adhesive of different ages and lots were performed. The results of these measurements are given in graph 1. These results are based on 10 measurements for each experiment. Confidence intervals are identical. However these results need to be verified by repeated performance of the same experiment.
Graph 1: Differences in adhesive shrinkage at different ages
Besides the quantification of shrinkage magnitude the measurement setup allows for the determination of the minimum curing time. In order to better understand the processes within the glue during curing a high speed PSD with a time resolution of several milliseconds was used. This understanding of the curing process allows for an estimation of the minimal curing time necessary in order to fixate the optic in its designated position. For efficient automated processes and minimal machine occupation a second and final curing step can be performed afterwards on a platform other than the assembly cell. Figure 4 shows an exemplary measurement of the shrinkage effects in the curing process monitored at high speed. The wedge angle in this measurement was 4.36mrad (0,5deg) and the spatial offset 100µm. remarkable about the information on the temporal shrinkage behaviour in the curing process is a small expansion at the beginning of the curing process followed by a fast contraction until the final (first) curing result is obtained.
Opening the mechanical gripper causes forces in both directions and a final relaxation leading to a release of the tilt of about 10µrad. The gripper is actuated pneumatically to allow a precise and reproducible variation of the clamping force. The quantification and variation of the gripping force allows an approximation of the forces induced by the adhesive during curing process. This knowledge is helpful for bonding parameter determination when the bonding components are be kept in place by the application of a retaining force.
However, the severity of shrinkage is not the only factor influencing the achievable bonding results. Also highly precise volumetric dosing and minimal adhesive volumes minimize the shrinkage effects. Therefore a qualification methodology for dosing systems has been elaborated allowing an efficient selection of the best suitable dosing system. Evaluation criteria are minimum dispensing volume, reproducibility, handling and costs. Jet dosing systems prove to be most reliable regarding dispensing volume reproducibility. A further increase in precision of volumetric dispensing could be achieved by creating minimal dropsizes and applying several drops to generate one drop of the desired volume. Once again, a telecentric camera and an image processing routine were used to characterize the reproducibility of the drop diameter. However, these results needed to be verified by a precision scale and application tests.
CONCLUSION AND OUTLOOK
Result of the work presented in the paper is the approach to minimize shrinkage effects by precise predictive compensation of UV-curing adhesives shrinkage during the curing process. The impact of shrinkage effects has been modelled, described and quantified in first experiments. During the experimental phase shifts in volumetric shrinkage of the same adhesive of a magnitude of over a percent due to ageing effects were observed. The results indicate a strong correlation between the final assembly precision and the order of shrinkage magnitude of the adhesive. However, these first results need to be verified and detailed. Therefore, Fraunhofer IPT is aiming for the elaboration of sophisticated and detailed data on shrinkage behaviour of various adhesive for optical assemblies over different age, lot and environmental conditions.
For precise and efficient compensation of the shrinkage effects a measurement of the shrinkage magnitude instantly before the glue application appears to be unavoidable. The determination of the shrinkage value is even more important in automated assembly solutions, as the offset values can thus be calculated dynamically. Furthermore, a detailed knowledge of the shrinkage parameters will potentially allow for first-time-right production of optical assemblies. Therefore, a compact, precise and efficient setup for a lab environment enabling the determination of the current shrinkage parameters is a potential solution to tackle the unavoidable shrinkage effects. Future activities of Fraunhofer IPT are aiming at the development of such a measurement setup to support industry in daily production environment.
Looking ahead automation will play a growingly important role in laser optics assembly. For robust automation solutions in optics assembly producing best results the detailed knowledge of the adhesives behaviour as well as a sophisticated compensation of the shrinkage is obligatory.
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